Groundwater pollution from the petrochemical industry has emerged as an important public and health concern in many countries. Groundwater pollution can potentially cause serious deterioration of soil and groundwater quality[@b1][@b2]. Because groundwater pollution from petrochemical chlorinated hydrocarbons may travel through soils easily, it can seep into underground drinking water supplies and stay there for months. Residents in such areas where groundwater is the main source of drinking water have been reported to be at increased risk of both acute symptoms such as diarrhea, eye irritation, and sleepiness as well as chronic illnesses such as respiratory diseases, seizures, and a variety of cancers in the respiratory, gastrointestinal, and genito-urinary organs[@b3][@b4][@b5][@b6][@b7][@b8][@b9][@b10]. In addition, some chlorinated hydrocarbons such as vinyl chloride (VC), trichloroethylene (TCE), and perchloroethylene (PCE) may cause human renal toxicity. The possible mechanisms underlying the damage of kidney caused by chlorinated hydrocarbons are probably due to the disruption of the immune complex system of the kidney and injury to proximal renal tubules which increases the excretion of high molecular weight proteins in urine[@b11][@b12].

Taiwan's population density is high, and thus many of its residents live in close proximity to petrochemical industrial complexes[@b13]. Although occupational epidemiological studies have reported that several chlorinated hydrocarbons can cause renal damage in the workplaces[@b14][@b15][@b16], little is known about environmental or residential exposure to contaminated groundwater and impaired human kidney function. Thus, we performed an ecological study of this possible link in Kaohsiung City, a heavily industrialized city in Taiwan. The study area consisted of six villages, where one large polyvinyl chloride (PVC) factory is situated in one village of them, in northern Kaohsiung City ([Fig. 1](#f1){ref-type="fig"}). We provided free health examinations for residents of those six villages in May-June, 2010, at which time we collected data related to kidney impairment.

Results
=======

Data of volatile organic compounds (VOCs) from groundwater
----------------------------------------------------------

Groundwater flowed from southeast to northwest ([Fig. 1](#f1){ref-type="fig"}). The concentrations of vinyl chloride (VC), trichloroethylene (TCE), and perchloroethylene (PCE) in groundwater from some of the wells in highly polluted villages were detectable at levels beyond pollution control standards established by Kaohsiung City Environmental Protection Bureau ([Table 1](#t1){ref-type="table"}). The lower concentrations of VC, TCE, and PCE were also detected in the moderately polluted village. Besides, some of wells were found to have other volatile organic compounds (VOCs), including chloroform (CHCL3), cis-1,2-dichloroethene (cis-1,2-DCE), 1,1-dichloroethylene (1,1-DCE), 1,1-dichloroethane (1,1-DCEA), 1,2-dichloroethane (1,2-DCEA), dichloromethane (DCM), and toluene (TLN). None the VOCs we study could be detected in groundwater from the one well in village VI, the non-polluted village.

Study participants
------------------

Totally 5,955 village inhabitants received health examinations. Of those, 5,009 agreed to participate in this study. After excluding subjects with incomplete questionnaires (N = 26) and those below 18 yrs old (N = 551), we were left with the data of 4,432 subjects to analyze ([Fig. 2](#f2){ref-type="fig"}).

Demographics and clinical variables among the three exposure groups
-------------------------------------------------------------------

Subjects living in the highly polluted villages were older and less educated, and among them, there were more smokers, betel nut chewers, and more people with a history of diabetes, compared to the other villages ([Table 2](#t2){ref-type="table"}). The highest mean systolic and diastolic blood pressures were found in subjects in the highly polluted villages, followed by the moderately polluted village, and lowest in the non-polluted village ([eTable 1](#S1){ref-type="supplementary-material"}).

Renal functional impairment in three exposure groups
----------------------------------------------------

Renal abnormality rates were highest in highly polluted villages and lowest in the non-polluted village ([Table 3](#t3){ref-type="table"}). Compared to those in the non-polluted village, subjects in highly polluted village had 1.48- and 2.72-fold the risk of proteinuria and estimated glomerular filtration rate (eGFR) impairment, respectively ([Table 4](#t4){ref-type="table"}). After adjusting for all covariates, the results remained similar (adjusted odds ratio (OR) = 1.46, 95% confidence interval (CI) = 1.15--1.85 for proteinuria and adjusted OR = 1.89, 95% CI = 1.09--3.28 for eGFR impairment). Among the subjects in the moderately-polluted villages, eGFR impairment was significant (adjusted OR = 1.74, 95% CI = 1.02--2.97), but proteinuria was not (adjusted OR = 0.92, 95% CI = 0.73--1.15), compared to those in the non-polluted village ([Table 4](#t4){ref-type="table"}). Proteinuria was most significant for village I (adjusted OR = 1.70, 95% CI = 1.25--2.32) and eGFR impairment most significant in villages II and III+ IV (adjusted OR = 1.95 and 2.38, 95% CI = 1.01--3.74 and 1.04--5.43) ([eTable 3](#S1){ref-type="supplementary-material"}).

In the subgroup analyses, proteinuria was significant in subjects under 65 yrs old and in those with no history diabetes ([eTable 4](#S1){ref-type="supplementary-material"} and [eTable 5](#S1){ref-type="supplementary-material"}). We did not find any significant differences in eGFR impairment by age and history of diabetes.

We found no significant correlation between serum renal function indicators (blood urea nitrogen, creatinine, and uric acid) and exposure ([eTable 6](#S1){ref-type="supplementary-material"}). These results remained insignificant in the subgroup analyses (data not shown).

Discussion
==========

The study found that subjects residing in communities with chlorinated hydrocarbon- contaminated groundwater to be at significantly higher risk of proteinuria and impaired eGFR than those residing in communities without contaminated groundwater. The risk of proteinuria was particularly significant in subjects who were under 65 years old and in those with no history of diabetes. However, we found no significant group differences in serum indicators of renal function, suggesting those indicators may not be as sensitive as urine indicators.

Many environmental epidemiological studies, including some from Taiwan, have linked volatile chlorinated hydrocarbon-polluted groundwater with risk and death due to a variety of gastrointestinal, liver, and urinary system cancers[@b4][@b5][@b6][@b7][@b8]. In addition, some studies have also reported an association between this pollution and eye irritation, respiratory diseases, diarrhea, sleepiness, and seizures[@b9][@b10].

Some occupational studies have linked exposure to chlorinated hydrocarbons such as VC, TCE, and PCE in the workplace to nephropathy in workers[@b11][@b12][@b17][@b18][@b19][@b20]. One cohort study performed in a cardboard factory in Germany found an increased incidence of renal cell cancer in workers exposed to TCE[@b21]. The standardized incidence ratio (SIR) for renal cancer were found to be higher in workers exposed to TCE compared to the general population (8.0; 95% CI = 2.6--18.6). In a case--control study performed by Vamvakas and colleagues in the same area, the odds ratio (OR) of renal cancer in those exposed to TCE was significantly increased (10.8; 95% CI = 3.4--34.8), compared to those not exposed to TCE, after adjusting for age, chronic intake of diuretics, smoking, BMI and blood pressure[@b22]. A recent meta-analysis of twenty-three studies concluded that there was a probable relationship between TCE exposure and kidney cancer[@b14]. Across all studies meeting that study's inclusion criteria (n = 23), the summary relative risk (RR) for kidney cancer was 1.42 (95% CI = 1.17--1.77), with heterogeneity present (test for heterogeneity: *P* = 0.001). Verplanke *et al*. conducted a study to investigate the effects of PCE exposure on the kidney status in 82 exposed and 19 nonexposed workers from four dry-cleaning shops in the Netherlands. In that study, effects on renal tubular function were examined by measuring urinary *N*-acetyl-β-D- glucosaminidase, β-galactosidase, alanine aminopeptidase, and retinol-binding protein. Glomerular function was monitored by measuring total protein and albumin in the urine. Retinol-binding protein was the only parameter found to be increased in the group exposed to PCE, compared to not exposed (75.4 *vs.* 41.6 mg/g of creatinine)[@b15]. These results suggest that occupational exposure to PCE may have a minor effect on tubular function. A recent 8-year follow-up cohort study of mortality in 1,704 dry cleaning workers in four cities in the United States found that overall cancer deaths were significantly greater in this cohort (standardized mortality ratio (SMR) = 1.22; 95% CI = 1.09--1.36). That study also found hypertensive end stage renal disease (ESRD) morbidity to be significantly elevated in their entire cohort (SIR = 1.98; 95% CI = 1.11 to 3.27) and among workers employed only in PCE-using dry cleaning shops for ≥5 years[@b16].

The possible mechanisms underlying the damaged kidney caused by chlorinated hydrocarbons include the disruption of the immune complex system of the kidney resulting in immunocomplex nephritis[@b11] and injury to proximal renal tubules which increases the excretion of high molecular weight proteins in urine causing nephrotoxicity[@b12]. The metabolites of TCE or PCE derived from the glutathione (GSH) conjugation pathway are responsible for most the effects on the kidney. The key metabolites of TCE possibly associated with nephrotoxicity and tumorigenesis include S-(1,2-dichlorovinyl) glutathione (DCVG), S-(1,2-dichlorovinyl)-L-cysteine (DCVC) and DCVC sulfoxide[@b23]. Similarly, the metabolites of PCE possibly associated with renal toxicity and tumorigenesis include S-(1,2,2- trichlorovinyl) glutathione (TCVG) and S-(1,2,2-trichlorovinyl)-L-cysteine (TCVC)[@b24]. The four major mechanisms through which TCE or PCE may cause renal toxicity are peroxisome proliferation, α2u-globulin nephropathy, genotoxicity, and acute or chronic nephrotoxicity. The latter involves the induction oxidative stress, mitochondrial dysfunction, protein alkylation, and deoxyribonucleic acid (DNA) alkylation. Several modes of action may contribute importantly to nephrotoxicity induced by chlorinated hydrocarbons, and different modes of action or combinations of modes may factor into the nephrotoxicity caused by chlorinated hydrocarbons at high or low doses. If cells are exposed to very high doses of chlorinated hydrocarbons that cause extreme mitochondrial dysfunction, it is likely that the tissue will not be able to undergo repair and proliferation. At lower doses, in contrast, it is likely that mild changes in mitochondrial function and oxidative stress as well as selective alkylation of protein and DNA will occur, and that these effects will lead to changes in homeostatic processes in the cell that will ultimately alter gene expression and cell growth.

Humans can be exposed to polluted groundwater through ingestion, inhalation, or absorption through the skin. Although ingestion of drinking water is thought to be a primary route of exposure[@b25], this study found that only seven percent of the residents in these communities used groundwater as a source of drinking water. In addition, Taiwanese people usually boil tap water before drinking it. One previous study has reported that chlorinated hydrocarbons in water decrease significantly with increases in temperature and their concentrations are negligible after one minute of boiling[@b26]. Inhalation from indoor air is another route[@b27]. People can be exposed to ambient chlorinated hydrocarbons from ground water when showering, washing vegetables and dishes or performing other cleaning activities daily. It has been estimated that more than half of the total inhalation exposure comes from showering in Taiwan[@b26]. Dermal absorption is another route and this can occur when showering and washing. Brown and colleagues suggest that dermal uptake of compounds occur mainly through passive diffusion and estimate that sixty-four percent (range 29--91%) of the average uptake of water-borne VOCs come from skin absorption in humans[@b28]. Therefore, the main routes of exposure to chlorinated hydrocarbons in groundwater are dermal absorption and inhalation, though, according to one study, overall hazard for inhalation is ten times higher than dermal absorption[@b26].

This study has several limitations. One limitation is that, although we encouraged all residents in the study areas to receive health examinations for free, some of them may have been more willing to participate than others, especially villagers who were sick or living in the highly polluted villages. This bias might result in some overestimations in our results. However, because they did not know the hypothesis of the study, volunteer bias was probably reduced. Another limitation is that we did not collect individual exposure data, which might lead to over and underestimations. Still another limitation is that we did not collect data regarding individual work history and ambient exposure data. Thus, it was impossible to distinguish between occupational and environmental exposure to chlorinated hydrocarbons. Finally, because this study is cross-sectional, causality between chlorinated hydrocarbons exposure from groundwater and renal function impairment cannot be directly inferred.

This study found a significant association between groundwater polluted with chlorinated hydrocarbons and impaired kidney function. Further research is needed to establish the personal exposure dose and to elucidate the possible dose-response relationship.

Materials and Methods
=====================

Study area
----------

Kaohsiung City, a harbor city located on the southwestern coast of Taiwan, is home to a number of large oil and petrochemical industrial zones[@b29]. As can be seen in [Fig. 1](#f1){ref-type="fig"}, one large PVC plant is located in this city in one community, which called village II. This village is surrounded by other four villages (village I, III, IV, and V) ([Fig. 1](#f1){ref-type="fig"}). The PVC plant, built in 1972, produces 28,800 tons of PVC annually. Later, expanding its chemical production, this plant established a vinyl chloride monomer (VCM) processing area in 1975 and a hydrochlorofluorocarbon (HCFC) processing area in 1990. According to Taiwan's Environmental Protection Administration, this PVC plant is Taiwan's greatest producer of organic chlorinated hydrocarbon waste, including: 1,1-dichloroethene (1,1-DCEA), 1,2-dichloroethane (1,2-DCEA), vinyl chloride (VC), dichloromethane (DCM), and chloromethane.

Because officials at Kaohsiung City's Environmental Protection Bureau were concerned that this company might illegally release some of these chemicals underground potentially polluting the underground water in the surrounding villages, they assessed PCE, TCE, and VC, and seven other volatile organic compounds in samples obtained the underground water of these six villages in 2010 ([Table 1](#t1){ref-type="table"}).

Subjects and data collection
----------------------------

Kaohsiung City Environmental Protection Bureau assigned one medical center, Kaohsiung Chang-Gung Memorial Hospital (KCGMH), to provide free health examinations for volunteer residents in and around the villages surrounding that petrochemical company. KCGMH, the medical center closest to the study site, offered these free health examinations at the local activities centers of these villages from May 8 to June 21, 2010.

After each volunteer signed a written consent form, he or she was given self-administered questionnaire followed by a health examination. Anyone with household registrations indicating that they had moved out of these villages within the prior two years was also invited to participate in this free health examination. At the time of the health examination, a history of chronic diseases and personal lifetime habits was surveyed, physical examinations were performed, and blood and urine samples were obtained for clinical biochemistry analyses. This study was approved by the institutional review board of KCGMH. The methods were carried out in accordance with The Declaration of Helsinki. Written information was provided and informed consent was obtained from all subjects.

Questionnaire and physical examination
--------------------------------------

All the participants were administered a structured questionnaire to collect the detailed information including age, gender, residence, and other sociodemographic characteristics including their use of substances (cigarette, alcohol, and betel quid) and sources of drinking water. Participants were defined as alcohol drinkers, cigarette smokers or betel quid chewers if they regularly consumed any alcoholic beverage ≥1 times per week, smoked ≥10 cigarettes per week, or chewed ≥1 betel quid per day for at least six months[@b30].

During the physical examination, body height, body weight, and waist circumference were measured by professional examiners while participants stood in light street clothes. In addition, blood pressure was measured using a standardized mercury column sphygmomanometer and an appropriately sized cuff after the subject had rested for at least 5 min. Two measurements were taken and the average of the two measurements was recorded.

Blood and urine samples
-----------------------

One-time blood samples were collected in the morning by veni-puncture after fasting at least 8 hr. The blood samples were divided into three: one blood sample for routine blood workup, another blood sample for serum biochemistry such as liver function (glutamate oxaloacetate transaminase (GOT), glutamic-pyruvic transaminase (GPT), r-glutamyl transpeptidase (RGT)), cardiometabolic function (glucose, total cholesterol, triglyceride), thyroid profile (triiodothyronine (T3), thyroxin (T4), thyroid - stimulating hormone (TSH)), and renal function (blood urea nitrogen (BUN), creatinine, and uric acid), hepatitis B antigen (HBsAg), anti-hepatitis C antibody (anti-HCV), and the third blood sample was used to detect tumor markers such as alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA), prostatic specific antigen (PSA), cancer antigen 125 (CA125), and cancer antigen 19--9 (CA19--9). Serum was stored at −80 °C until analysis. All measurements were performed in the central clinical laboratory of at KCGMH.

After the collection of blood sample, a one-spot urine sample was collected to perform a routine urinary analysis and to screen for proteinuria. All urine samples were stored at −20 °C until analysis.

Definition of kidney function impairment
----------------------------------------

According to the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (KDOQI) clinical practice guidelines for chronic kidney disease, the definition and staging of chronic kidney disease depends on the assessment of Glomerular Filtration Rate (GFR), proteinuria, and other markers of kidney disease. An equation in Modification of Diet in Renal Disease (MDRD) was used to estimate glomerular filtration rate[@b31] (MDRDGFR = 186.3 × Plasma creatinine (mg/dl)^−1.154^ × age (yr)^−0.203^ × (1.212 if black) × 0.742 if female). Participants whose eGFRs were less than 60 ml/min/1.73 m^2^ or who were found to have proteinuria were defined as having impaired kidney function. KCGMH's clinical cut-off points for BUN, creatinine, and uric acid in serum were used as indicators of renal function. The abnormal values in serum for BUN were \>20 mg/dl, creatinine \>1.27 mg/dl in males and \>1.03 mg/dl in females, and uric acid \>8.3 mg/dl.

Statistical analysis
--------------------

Based on the site of the PVC plant, the direction of groundwater flow ([Fig. 1](#f1){ref-type="fig"}) and Kaohsiung Environmental Protection Bureau Groundwater measurements ([Table 1](#t1){ref-type="table"}), the villages were categorized into three exposure groups: highly polluted villages (village I and II), moderately polluted villages (village III, IV, and V), and a non-polluted village (village VI). The demographic characteristics of the subjects and their clinical characteristics between groups were analyzed by either analysis of variance (ANOVA) or Chi-square test to analyze differences in categorical and continuous variables. To examine the association between exposure groups and kidney function impairment (proteinuria or eGFR \<60 ml/min/1.73 m^2^), the non-polluted village was compared with the highly and moderately polluted villages before and after adjusting for other covariates that were found to be significant in simple logistic regression. These included age, gender, educational level, marriage, vegetarianism, cigarette smoking, betel quid chewing, alcohol use, and source of drinking water for proteinuria. With the exception of age and sex, the covariates were similar for eGFR. The analyses were rerun and further adjusted for body mass index, diabetes, hypertension, uric acid, and anti-HCV. The same strategies were also applied to serum BUN, creatinine, and uric acid, based on KCGMH clinical cut-off points.

To examine the robustness of the results, data were also sub-grouped by age (\<65 or ≥65 yrs) or the history of diabetes (present or absent). All statistical operations were performed using the Statistical Package for the Social Sciences (version 17.0; SPSS Inc, Chicago, IL, USA). A *p*-value of \<0.05 was considered significant.
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###### The concentrations of certain volatile organic compounds in groundwater of six study villages as measured by Kaohsiung Environmental Protection Bureau.

  Village    Well No.                 VC                                TCE                               PCE                 Others                                     
  --------- ---------- --------------------------------- --------------------------------- --------------------------------- -------- ------ ------ ------ ------ ------ ------
  I            C-03     ---[1](#t1-fn1){ref-type="fn"}                  ---                               ---                  1.01    ---    ---    ---    ---    ---    ---
               C-11                   ---                               ---                               ---                  ---     ---    1.5    ---    ---    ---    ---
               C-05     35.2[2](#t1-fn2){ref-type="fn"}                 ---                               ---                  ---     2.78   0.83   3.59   ---    ---    ---
  II           A-15                   ---                               ---                               ---                  ---     ---    ---    ---    1.51   ---    ---
               I-01                   ---                 11.4[3](#t1-fn3){ref-type="fn"}                 ---                   \-     ---    ---    ---    ---    ---    ---
               Q-06                  1.03                               ---                               ---                  ---     ---    ---    ---    ---    ---    ---
  III          D-03     4.12[3](#t1-fn3){ref-type="fn"}                 ---                               ---                  2.24    ---    ---    ---    ---    ---    ---
               D-10                  0.86                               ---                               ---                  ---     ---    1.01   ---    ---    ---    ---
               E-01                   ---                               ---                               ---                  ---     ---    ---    ---    ---    1.15   ---
               E-14                   ---                               ---                               ---                  6.59    ---    ---    ---    ---    ---    ---
               E-18                   ---                               ---                 5.33[3](#t1-fn3){ref-type="fn"}    ---     ---    ---    ---    1.27   ---    ---
               E-20                   ---                              4.72                 28.3[3](#t1-fn3){ref-type="fn"}    ---     ---    ---    ---    1.93   ---    ---
               L-01                   ---                               ---                 24.8[3](#t1-fn3){ref-type="fn"}    ---     ---    ---    ---    ---    ---    ---
               L-02                   ---                               ---                               ---                  ---     ---    ---    ---    ---    ---    1.07
  IV           P-01                   ---                               ---                               ---                  ---     ---    ---    ---    ---    ---    ---
               L-04                   ---                               ---                               ---                  1.14    ---    ---    ---    ---    ---    ---
  V            F-01                   ---                               ---                               ---                  ---     ---    ---    0.94   ---    ---    ---
               N-01                   ---                               ---                               ---                  ---     ---    1.09   ---    ---    ---    ---
  VI           K-01                   ---                               ---                               ---                  ---     ---    ---    ---    ---    ---    ---

Abbreviations: CHCL3 = chloroform; cis-1,2-DCE = cis-1,2-dichloroethene; 1,1-DCE = 1,1-dichloroethylene; 1,1-DCEA = 1,1-dichloroethane; 1,2-DCEA = 1,2-dichloroethane; DCM = dichloromethane; PCE = perchloroethylene; TCE = trichloroethylene, TLN = toluene; VC = vinyl chloride.

^1^"---"Indicates the concentration below the detection limit (μg/L) which was 0.83 for CHCL3, 0.66 for cis-1,2-DCE, 0.62 for 1,1-DCE, 0.67 for 1,1-DCEA, 0.65 for 1,2-DCEA, 0.85 for DCM, 0.75 for PCE, 0.61 for TCE, 0.68 for TLN, and 0.69 for VC.

^2^The concentration larger than second category of groundwater pollution control standards (μg/L) which were 1,000 for CHCL3, 700 for cis-1,2-DCE, 70 for 1,1-DCE, 8,500 for 1,1-DCEA, 50 for 1,2-DCEA, 50 for DCM, 50 for PCE, 50 for TCE, 10,000 for TLN, and 20 for VC.

^3^The concentration larger than first category of groundwater pollution control standards (μg/L) which were 100 for CHCL3, 70 for cis-1,2-DCE, 7 for 1,1-DCE, 850 for 1,1-DCEA, 5 for 1,2-DCEA, 5 for DCM, 5 for PCE, 5 for TCE, 1,000 for TLN, and 2 for VC.

###### Demographic and clinical characteristics categorized by exposure group.

  Characteristics              Exposure groups (villages)                                          
  --------------------------- ---------------------------- ------------------------ -------------- ---------
  N                                       840                       1,846               1,746           
                                                            **N (%) or mean ± SD**                 
  Age (yrs)                                                                                         \<0.001
   ≥18--\<40                           298 (35.5)                 721 (39.1)          773 (44.3)        
   ≥40--\<65                           423 (50.4)                 916 (49.6)          844 (48.3)        
   ≥65                                 119 (14.2)                 209 (11.3)          129 (7.4)         
  Gender                                                                                             0.031
   male                                404 (48.1)                 790 (42.8)          793 (45.4)        
   female                              436 (51.9)                1,056 (57.2)         953 (54.6)        
  Education level                                                                                   \<0.001
   \<high school                        69 (8.5)                  127 (7.1)            58 (3.4)         
   high school                         520 (63.7)                1054 (58.6)          929 (53.9)        
   \>high school                       227 (27.8)                 617 (34.3)          738 (42.8)        
  Marital status                                                                                    \<0.001
   unmarried or divorced               271 (33.5)                 578 (32.3)          442 (25.8)        
   married                             539 (66.5)                1,213 (67.7)        1,268 (74.2)       
  Sources of drinking water                                                                         \<0.001
   running water                       759 (94.6)                1,587 (89.4)        1,636 (95.7)       
   ground water                         43 (5.4)                  189 (10.6)           74 (4.3)         
  Smoking                                                                                            0.001
   no                                  589 (71.3)                1,410 (78.0)        1,313 (75.7)       
   yes                                 237 (28.7)                 398 (22.0)          422 (24.3)        
  Alcohol drinking                                                                                   0.426
   no                                  634 (77.1)                1,427 (79.4)        1,361 (78.9)       
   yes                                 188 (22.9)                 371 (20.6)          365 (21.1)        
  Betel nut chewing                                                                                  0.001
   no                                  776 (93.8)                1,741 (95.8)        1,688 (97.1)       
   yes                                  51 (6.2)                   77 (4.2)            51 (2.9)         
  Vegetarian                                                                                         0.141
   no                                  688 (85.9)                1,575 (88.6)        1,482 (87.5)       
   yes                                 113 (14.1)                 202 (11.4)          212 (12.5)        
  Diabetes                                                                                           0.004
   no                                  715 (89.7)                1,586 (90.8)        1,583 (93.3)       
   yes                                 82 (10.3)                  160 (9.2)           114 (6.7)         
  Hypertension                                                                                      \<0.001
   no                                  460 (63.0)                 707 (60.0)         1,255 (74.7)       
   yes                                 270 (37.0)                 472 (40.0)          425 (25.3)        
  Anti-HCV                                                                                           0.080
   negative                            788 (95.2)                1,753 (96.9)        1,644 (95.8)       
   positive                             40 (4.8)                   57 (3.1)            72 (4.2)         
  BMI (kg/m2)                         24.45 ± 6.14               23.83 ± 3.75        24.05 ± 3.85    0.014

Abbreviation: BMI = body mass index; SD = standard deviation; HCV = hepatitis C virus.

###### Clinical indicators of renal function by exposure group.

  Variables                                              Exposure groups (villages)                                           
  ----------------------------------------------------- ---------------------------- ------------------------ --------------- ---------
  N                                                                 840                       1,846                1,746           
                                                                                      **N (%) or mean ± SD**                  
  Proteinuria                                                                                                                   0.001
   No                                                            613 (75.5)                1,425 (80.4)        1,385 (82.0)        
   Yes                                                           199 (24.5)                 347 (19.6)          303 (18.0)         
  eGFR (ml/min/1.73 m^2^)[1](#t3-fn1){ref-type="fn"}           88.92 ± 19.60              91.88 ± 19.70        93.19 ± 17.84   \<0.001
  eGFR \<60 (ml/min/1.73 m^2^)                                                                                                 \<0.001
   No                                                            779 (94.2)                1,735 (95.8)        1,678 (97.8)        
   Yes                                                            48 (5.8)                   76 (4.2)            38 (2.2)          
  Serum BUN (mg/dl)                                             14.20 ± 4.17               13.72 ± 4.16        13.45 ± 3.67    \<0.001
  Serum BUN (mg/dl)[2](#t3-fn2){ref-type="fn"}                                                                                  0.175
   Normal                                                        775 (93.7)                1,717 (94.8)        1,638 (95.5)        
   Abnormal                                                       52 (6.3)                   94 (5.2)            78 (4.5)          
  Serum creatinine (mg/dl)                                      0.90 ± 0.27                0.87 ± 0.33          0.85 ± 0.19    \<0.001
  Serum creatinine (mg/dl)[2](#t3-fn2){ref-type="fn"}                                                                           0.017
   Normal                                                        785 (94.9)                1,738 (96.0)        1,667 (97.1)        
   Abnormal                                                       42 (5.1)                   73 (4.0)            49 (2.9)          
  Serum uric acid (mg/dl)                                       5.67 ± 1.50                5.58 ± 1.47          5.47 ± 1.41     0.005
  Serum uric acid (mg/dl)[2](#t3-fn2){ref-type="fn"}                                                                            0.076
   Normal                                                        786 (95.0)                1,745 (96.4)        1,662 (96.9)        
   Abnormal                                                       41 (5.0)                   66 (3.6)            54 (3.1)          

Abbreviation: BUN = Blood urea nitrogen; eGFR = estimated glomerular filtration rate.

^1^eGFR is calculated based on the Modification of Diet in Renal Disease (MDRD) calculator-extended version (adjusted by age, gender, serum creatinine and race), unit as ml/min/1.73 m^2^.

^2^Abnormal values in serum were \>20 mg/dl for BUN, \>1.27 mg/dl in males and \>1.03 mg/dl in females for creatinine, and \>8.3 mg/dl for uric acid based on the clinical cut-off points used by Kaohsiung Chang-Gung Memorial Hospital.

###### Relationship between indicators of renal function impairment and exposure group in logistic regression models.

  Exposure groups                             Proteinuria                  OR (95% CI)       AOR (95% CI)[1](#t4-fn1){ref-type="fn"}       AOR (95% CI)[2](#t4-fn2){ref-type="fn"}    
  ------------------------------ -------------------------------------- ----------------- --------------------------------------------- --------------------------------------------- -----------------------
  Non-polluted village                         303 (18.0)                 1,385 (82.0)                        1.00                                          1.00                               1.00
  Moderately-polluted villages                 347 (19.6)                 1,425 (80.4)                  1.11 (0.94--1.32)                             1.03 (0.85--1.23)                  0.92 (0.73--1.15)
  Highly-polluted villages                     199 (24.5)                  613 (75.5)                1.48\*\*\* (1.21--1.82)                         1.33\* (1.07--1.66)               1.46\*\* (1.15--1.85)
  **Exposure groups**             **eGFR \<60 (ml/min/1.73 m**^**2**^)   **OR (95% CI)**   **AOR (95% CI)**[3](#t4-fn3){ref-type="fn"}   **AOR (95% CI)**[4](#t4-fn4){ref-type="fn"}  
  **Yes**                                        **No**                                                                                                                               
  **(N = 162)**                             **(N = 4,192)**                                                                                                                           
  Non-polluted village                          38 (2.2)                  1,678 (97.8)                        1.00                                          1.00                               1.00
  Moderately-polluted villages                  76 (4.2)                  1,735 (95.8)                1.93\*\* (1.30--2.87)                         1.86\*\* (1.21--2.86)               1.74\* (1.02--2.97)
  Highly-polluted villages                      48 (5.8)                   779 (94.2)                2.72\*\*\* (1.76--4.20)                        1.94\*\* (1.18--3.18)               1.89\* (1.09--3.28)

Abbreviations: AOR = adjusted odds ratio; BMI = body mass index; CI = confidence interval; eGFR = estimated glomerular filtration rate; HCV = hepatitis C virus; OR = odds ratio.

*\*p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001.

^1^Adjusting for age, sex, education level, marriage, smoking, alcohol drinking, betel nut chewing, vegetarian, and sources of drinking water.

^2^Adjusting for age, sex, education level, marriage, smoking, alcohol drinking, betel nut chewing, vegetarian, sources of drinking water, BMI, diabetes, hypertension, anti-HCV, and serum uric acid.

^3^Adjusting for education level, marriage, smoking, alcohol drinking, betel nut chewing, vegetarian, and sources of drinking water.

^4^Adjusting for education level, marriage, smoking, alcohol drinking, betel nut chewing, vegetarian, sources of drinking water, BMI, diabetes, hypertension, anti-HCV, and serum uric acid.
